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ABSTRACT 
A review of the diffuser in literature is given to 
· serve as a basis for a design evaluation of a low pressure 
steam turbine curved annular diffuser and exhaust hood. 
The exhaust hood considered is thought to suffer from poor 
pressure recovery and large losses as a result of 
separation of flow in the diffuser and velocity profile 
distortion throughout the hood. A 1/45th scale plexiglass 
water test model was made to compare the losses in the 
unmodified hood to those in the modified hood. The design 
modifications involved splitter vanes and turning vanes. 
An estimate of the loss reduction of one half of the 
leaving loss is used an evaluation guide for the modified 
hood performance. The test results indicate that by 
introducing the modifications the estimated loss reduction 
was surpassed by fifty percent. The results of the water 
model tests are thought to be applicable to the turbine 
operating condition despite an order of magnitude 
difference in the Reynolds number and lack of 
compressibility effects. 
1 
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·1 INTRODUCTION AND DIFFUSER REVIEW 
Utility management today is, to a great degree, a 
task of maintenance. Since continual incorporation of 
--.. 
technological advances is prohibitively expensive, old 
facilities must be kept as efficient as possible. Because 
there are many components to a power plant, there is a 
corresponding number of inherent individual inefficiencies 
affecting overall system performance. This thesis 
discusses modifications of a particular plant component as 
well as experimental evaluation of the original and 
redesigned components. The component studied is a low 
pressure turbine exhaust hood, which includes a curved 
annular diffuser. The unit, having a double flow high 
pressure turbine rotor and three double flow low pressure 
rotors, is rated at 1000 MWe while the lo~ses in the hood 
and condenser neck are believed to be ten MWe. The 
pressure recovery in the hood and diffuser is rather poor 
resulting in a higher than designed low pressure turbine 
discharge pressure. The poor pressure recovery is 
attributed to highly non-uniform flow throughout the hood 
starting with large scale fixed stall in· the annular 
diffuser and with the presence of supporting struts and 
beams. The flow non-uniformity in the hood leads to a 
2 
very distorted velocity profile in the condenser neck. 
This velocity profile distortion results in poor heat 
transfer at the condenser tube bundles. The increased 
discharge pressure reduces the units generating capacity 
by amounts called the hood losses and condenser losses. 
In order to reduce these losses, simple design 
modifications will be considered. The modification should 
involve as little full scale hood reconstruction as 
possible while mandating a short period during which unit 
operation must be suspended. Before discussing the 
present design in more detail, a review of the diffuser 
performance characteristics is presented . 
... 
I 
1.1 Performance Parameters 
Although diffusers have been studied for many years, 
there remains a certain lack of understanding of diffuser 
flow. A diffuser has two effects on a flow either of 
which may be the ,specific design purpose. A diffuser 
decelerates the entering fluid and produces a static 
pressure rise between the diffuser inlet and exit. Its 
geometri·c simplicity leads to performance prediction for 
one-dimensional, incompressible, lossless flow starting 
with Bernoulli's equation and the continuity equation: 
(1.1) 
(VA/v)l = (VA/v)2 (1.2) 
The subscript 11 1 11 denotes a property at the diffuser inlet 
plane while a subscript 11 211 corresponds to the exit plane. 
P is the static pressure, vis the specific volume, Vis 
the magnitude of the fluid velocity, g is the acceleration 
of gravity, z is the vertical distance between the fluid 
channel and the potential energy datum plane and A is the 
cross sectional area of the fluid channel. 
... 
I 
Combining these equations, neglecting the elevation terms, 
eliminating the outlet velocity and defining the area 
ratio AR as A2/A1 , the result is 
(1.3) 
' Bernoulli's Equation does not apply to real fluid flows so 
a mechanical energy loss term L must be introduced for the 
equality to hold in such flows. 
equation: 
Manipulating as above, the result is 
The result is the 
'II 
(1.4) 
(1.5) 
Generally, the quantity (1 - 1/AR2) is defined as cpi 
which is refered to as the ideal pressure recovery 
coefficient. That is 
(1.6) 
5 
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I 
occasionally, an effective area ratio ARe is implicitly 
defined as 
C = 1 - 1/AR 2 · p e (1.7) 
The term 2v(P2 
2 
- P1)/V1 is generally defined as the 
pressure recovery coefficient, cp. 
(1.8) 
The difference between the ideal pressure recovery 
coefficient and the pressure recovery coefficient I 1S a 
non-dimensional mechanical energy loss H = 2L/v1
2
• The 
relationship between the ideal pressure recovery 
coefficient and the pressure recovery coefficient however 
is not ordinarily shown as a difference. Instead, the 
ratio of pressure recovery coefficient to ideal pressure 
recovery coefficient is defined as the diffuser 
effectiveness E. The ideal presure recovery coefficient 
should not be confused with the maximum potential pressure 
6 
( .... 
recovery coefficient. The ideal pressure recovery 
coefficient, is a one-dimensional performance 
parameter which serves as an evaluation guide for actual 
., 
diffuser performance. Since actual diffuser flows are at 
least two-dimensional, the maximum pressure recovery can 
not generally be determined. Therefore, the maximum 
pressure recovery coefficient may be greater than the 
ideal pressure recovery coefficient and the effectiveness 
may then exceed unity although it is not likely. The 
non-dimensional mechanical energy loss can be expressed as 
(1.9) 
In addition, we have 
cp = E cpi (1.10) 
Although the effectiveness Eis often more revealing of 
.. 
diffuser performance, the presure recovery coefficient cp 
is the most commonly quoted diffuser performance 
parameter. The ideal pressure recovery coefficient cpi is 
an ideal consideration of only geometrical diffuser 
7 
properties. Clearly, for flow without separation, the 
designed area ratio determines the potential pressure 
increase, whereas the diffuser length additionally 
influences the pressure gradient. Again, the ideal 
pressure recovery coefficient offers a basis for 
comparison to the uniform flow case. In practice, 
however, the velocity profile often becomes quite 
distorted and asymmetric relative to the diffuser 
centerline. This distortion usually originates in the 
boundary layer. The adverse pressure gradient resists 
downstream flow and removes kinetic energy from the fluid 
as it travels downstream. The low momentum fluid in the 
boundary layer is particularly susceptible to the adverse 
pressure gradient and is decelerated more quickly than the 
fluid in the free stream. This causes the boundary layer 
to grow much more quickly than it would under zero 
pressure gradient. If the pressure gradient is severe 
enough, the boundary layer will separate from the diffuser 
surfaces. Depending upon diffuser geometry, pressure 
gradient generally varies in the transverse direction of a 
diffuser so certain surfaces will be more susceptible to 
stall than others. Obviously, perfomance of a diffuser 
with even relatively small scale stall can not be 
accurately predicted using Equation (1.3) and the pressure 
8 
recovery coefficient cp is signifigantly smaller than the· 
ideal pressure recovery coefficient Cpi· Clearly, the 
exit velocity profile may not be uniform and the pressure 
. 
recovery coefficient may vary throughout the exit plane. 
For this reason, the pressure recovery coefficient is 
replaced by the average pressure recovery coefficient 
across the exit plane, which is determined 
experimentally. 
9 
1.2 Flow Regimes 
Pressure recovery coefficients have been reported for 
most practical diffuser shapes. Level curves of pressure 
recovery coefficient are usually plotted in a plane Of 
non-dimensional length and area ratio or divergence angle. 
A qualitative decription of diffuser performance is also 
generally . considered. For this, four different flow 
regimes for diffusers are agreed upon. They are 
1) the "no appreciable stall" regime, 
2) the "large transitory stall" regime, 
3) the "fully-developed two-dimensional stall" 
regime, 
4) the "jet flow" regime. 
The flow regime data is also shown in a plane of 
non-dimensional length and area ratio. Since the 
occurrence of the different flow regimes is essentially a 
manifestation of boundary layer reaction to the pressure 
gradient, flow regimes are described in terms of relative 
pressure gradients. ___ _ 
10 
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.. 
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1.2.1 The "No Appreciable stall" Regime 
When the pressure gradient is small 
appreciable stall" regime is observed. 
the ''no 
The "no 
appreciable stall" regime is clearly that in which the 
boundary layer remains stable and attached to the diffuser 
surfaces over time. In this regime, Equation (1.3) 
developed above should approximately be valid. The 
pressure recovery coefficient in this regime usually 
approaches the ideal pressure recovery coefficient. In 
other words, the effectiveness in Equation (1.10) is high. 
It is important to properly evaluate the performance 
parameters in this and all regimes because they may be 
misleading. A pressure recovery coefficient of 0.2 may 
seem indicative of very poor diffuser performance but the 
ideal pressure recovery coefficient or the effectiveness 
must also be considered in order to properly evaluate 
diffuser performance. A pressure recovery coefficient of 
0.2 coupled with an effectiveness of 0.9 indicates 
excellent diffuser performance similar to performance 
which may be observed in the "no appreciable stall" 
regime. This regime generally corresponds to relativly 
small area ratios and pressure gradients and small ideal 
pressure recovery coefficients. It is important to rember 
that a small area ratio alone does not ensure attached 
11 
flow throughout the diffuser since the pressure gradient 
is also controlled by diffuser length. In order to reduce 
the pressure gradient to avoid separation, a diffuser may 
be lengthened or the area ratio may be reduced. 
' 
12 -
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1.2.2 The "Large Transitory stall" Regime 
At greater pressure gradients the "large transitory 
stall" regime is encountered. The "large transitory 
stall" regime is characterized by intermittent separation 
without any large scale fixed stall. 
At this point it is appropriate to point out the fact 
that the transition between regimes is a gradual process. 
Hence there are flows for which no exact flow regime is 
commonly described. For instance, a diffuser may show 
uniform flow at all cross sections except for a small 
portion of a wall at the exit where the flow is 
intermittently stalled. This flow falls in the transition 
range between the "no appreciable stall" regime and the 
"large transitory stall" regime. A longer diffuser of the 
same area ratio would probably show the "no appreciable 
stall" regime because it would have a lower pressure 
gradient. Conversly, a shorter diffuser of the same area 
ratio would probably show the "large transitory stall" 
regime. The "large transitory stall" regime is of course 
a non-steady flow regime. It is the only non-steady flow 
regime described for diffusers. As mentioned above, 
depenaing upon diffuser geometry, one diffuser surface may 
be more susceptible to stall than another. A diffuser may 
show rather regular periodic large scale stall on one wall 
lJ 
• 
,, 
while another remains completely unstalled over time. 
Generally, an eddy or region of circulation forms on a 
wall near the exit and grows until the separated flow can 
no longer go around the eddy. At this point the flow 
reattaches and washes the eddy out of the diffuser. The 
pressure recovery coefficient for a diffuser in this 
regime is clearly time-dependent because of the time-
dependent nature of the velocity profile. The average 
.. pressure recovery coefficient must then, also be time-
averaged. In the "large transitory stall" regime the 
pressure recovery coefficient may be greater than that for 
another diffuser in the "no appreciable stall" regime 
despite the unsteadiness of flow in the transitory stall 
regime. Presumably, the "large transitory stall" diffuser 
has a greater area ratio and consequently greater ideal 
pressure recovery coefficient than the unstalled diffuser. 
The effectiveness, however, is reduced by the unsteadiness 
and the pressure recovery coefficient will fall 
signifigantly below the ideal pressure recovery 
coefficient when large-scale transitory stall is present. 
14 
1.2.3 The "Fully-Developed Two-Dimensional stall" Regime 
At higher pressure gradients, "fully developed 
two-dimensional stall" occurs and flow is completely and 
permanently detached from one surface of the diffuser 
while the other surfaces remain mostly attached. This 
regime occurs when the pressure gradient becomes too large 
to support uniform flow even periodically. The flow then 
readjusts itself so that it may continue downstream. No 
signifigant additional pressure recovery is achieved after 
the point of permanent separation. The diffuser is 
essentially shortened and the area ratio reduced. The 
effective area ratio of Equation (1.7) is considerably 
smaller than the geometric area ratio, so the pressure 
recovery coefficient is signifigantly smaller than the 
ideal pressure recovery coefficient of Equation (1.6). 
Although it is decribed as a steady flow regime, there may 
be some small scale transitory stall as well as a large 
scale fixed stall. Again, it is important to remember 
that regime transitions are gradual. As in the "large 
transitory stall" regime, certain surfaces may be more 
susceptible to boundary layer separation and consistently 
show "fully developed two-dimensional stall" while others 
remain unstalled. In some cases, where no oneiwall is 
more susceptible to stall than any of the others, a 
15 
phenomenon called bistability is observed. This means 
simply that the stall region is stable on either wall. 
-
This should not be confused with the case where two 
separate walls are stalled at once. Bistable flow can be 
observed in two dimensional symmetric diffusers. Pressure 
recovery coefficients and effectivenesses for this regime 
are generally very poor because of the large scale fixed 
stall. The majority of the volume of fluid flowing 
through the diffuser is not decelerated and the pressure 
is not recovered from the kinetic energy of the flow. 
Clearly, this regime is undesireable since the diffuser is 
performing much differently than designed. 
16 
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1.2.4 The "Jet Flow" Regime 
In the "jet flow" regime, flow remains permanently 
and completely detached from all diffuser surfaces. In 
this regime the pressure gradient along the walls is so 
great that the fluid in the boundary layers is brought to 
stagnation. Downstream of the wall stagnation point, 
there is a flow reversal; that is, the fluid in the 
stalled region near the wall travels upstream in the 
direction of the favorable pressure gradient. Jet flow is 
considered for the most part to be steady although some 
periodic vortex patterns may be observed near the diffuser 
exit as a result of the free shear layer which forms along 
the jet. Logically, as in the case of the fully-developed 
two-dimensional stall regime, the highly distorted exit 
velocity profile and large-scale fixed stall result in 
very poor pressure recovery and effectiveness and reduced 
effective area ratio. The location of jet formation is a 
function of pressure gradient, but the width of the jet is 
commonly not much larger than that of the inlet section of 
the diffuser so the effective area ratio of Equation (1.7) 
is very small and the pressure recovery is very limited. 
Again, the kinetic energy ' 1S essentially lost and the 
pressure recovery is very poor. The jet flow regime may be 
observed only in diffusers with all diverging walls; that 
17 
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is, the pressure gradient must be adverse on all diffuser 
walls in order for all diffuser walls to separate. There 
is also· a question of degree. If one wall has a 
relatively small adverse pressure gradient compared to the 
other diffuser walls, jet flow will probably not be 
observed in that type of cl'iffuser geometry. For instance, 
in an asymmetric two-dimensional diffuser, the walls 
diverge at different angles so the pressure gradients 
along the walls are different. For the case 
two-dimensional diffuser, the definition of jet flow does 
not require separation from the plane walls parallel to 
the plane of the flow. Note that a diffuser geometry with 
particular stall susceptible walls as discussed above may 
not show a jet flow • regime in high average pressure 
gradients. In cases where jet flow is observed, it is the 
last of the commonly described flow regimes. Just as the 
fully developed two-dimensional stall regime, the jet flow 
regime is never a desireable operating regime. 
/ 
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1.3 Ditfuser Geometries 
1.3.1 Two-Dimensional Plane Wall Diffusers 
The two-dimensional plane wall diffuser is by far the 
most studied diffuser geometry because of its geometric 
simplicity and the ease with which it lends itself to 
qualitative testing. Two-dimensional plane-wall diffuser 
geometry is shown in Figure 1.3.1-1. A diffuser of this 
type is completely described by any two of the following 
three geometrical parameters: area ratio, divergence 
angle, non-dimensional length. Qualitative and 
quantitative data for this diffuser is readily available. 
A rather extensive test and survey of two-dimensional 
diffusers was conducted by Elliot G. Reid at Stanford 
University in 1950 [l]. Reid conducted air tests in a 
highly-polished lacquered wooden diffuser. A screen was 
used to ensure uniformity of flow at the diffuser inlet 
plane. The inlet boundary layer was thin and turbulent. 
Static pressure data was taken along the entire length of 
all tested diffusers (22 to 87 inches). Reid constructed 
contours of constant pressure recovery coefficient for 
area ratios bewteen two and five and for 
non-dimensionalized length from five to twenty-two (Figure 
1.3.1-2). Pressure recovery coefficients in this range of 
geometrical parameters varied from 0.62 to 0.84. Reid 
19 
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Figure 1.J.1-1 Two-Dimensional Plane-Wall Diffuser Geometry 
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Figure 1.).1.-2 Two-Dimensional Diffuser Pressure ·- Recovery Coefficient Contours. Heproduced from reference 1 (Reid) 
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also included with his quantitative data a line indicating 
the limit of steady flow. Reid's data generally agreed 
very well with that which he included in his survey. In 
1959, Kline, Abbott and Fox conducted a survey of the 
literature on plane wall two-dimensional diffusers [2]. 
They provide an interesting chart of diffuser performance 
curves for various divergence angles (Figure 1.3.1-3). 
Their data show that the pressure recovery coefficient has 
a minimum corresponding to the "fully developed 
two-dimensional stall" regime implying that a very wide 
angle diffuser may perform slightly better than a 
moderately wide angle diffuser, although the authors do 
not attempt to explain this. It is possible that the 
pressure recovery coefficient may not change between these 
two regimes and the apparent minimum is physically 
meaningful. The authors claim that there was a great deal 
of data scatter in this region so there may be no real 
local minimum in pressure recovery. As expected, the 
curve of pressure recovery coefficient has a maximum 
corresponding to a point just within the transitory stall 
r 
regime near the "no appreciable stall regime". This is 
not surprising considering the increase of the ideal 
pressure recovery coefficient with divergence angle and 
the decrease of the effectiveness as the stall becomes 
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larger and fixed. Kline, Abbot and Fox concluded that the • 
inlet boundary layer has little effect on flow regime but 
does has a signifigant effect on loss and pressure 
recovery. 
In 1966, Sovran and Klomp (3] conducted a survey of 
the literature on two-dimensional diffusers. They 
referenced the work of Reneau, Johnston and Kline who 
tested in an air rig with a range of inlet turbulent 
boundary layer thicknesses. Flow regime data and pressure 
recovery data from Reneau, Johnston and Kline are shown in 
Figure l.3.l-4a,b. Reneau, Johnston and Kline include 
additional reference lines refered to as C p 
* ** and cp • 
* is the line of maximum pressure recovery area ratio 
for a prescribed non-dimensional length. ** cp is the line 
of maximum pressure recovery non-dimensional length for a 
prescribed area ratio. These lines are clearly useful 
when a diffuser design has· fixed geometrical constraints 
such as length and inlet section width. In the tests, the 
boundary layer thickness was adjusted by • varying the 
length of the constant cross section entrance duct. Four 
different displacement thicknesses were tested and the 
* results showed that the optimum line cp was independent 
of displacement thickness for the range of blockages 
tested (.007 to .050). 
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In 1973, Runstadler and Dolan [4] performed tests in 
plane-walled two-dimensional diffusers and studied the 
effects of throat Mach number (M), inlet blockage (B) and 
inlet aspect ratio (AS) on pressure recovery. Here, the 
aspect ratio is defined as the inlet section height 
divided by the inlet section width. They plotted·pressure 
recovery contours for fixed values of inlet blockage, Mach 
number and aspect ratio. They tested for throat Mach 
numbers in the range 0.2 to 1.0 and inlet blockage between 
two and twelve percent. For this range of data and for an 
aspect ratio of five, they provide pressure recovery 
coefficient contours. The shape as well as the location 
of the contours is remarkably dependent on Mach number and 
inlet blockage. Several of the contour plots are similar 
to those in Figure 1.3.1-2 but others bear no resemblence 
to the familiar plots (Figure 1.3.1-5). It is apparent 
that a diffuser design based on a contour plot may perform 
quite differently than designed if the inlet parameters 
stray from the original specifications. 
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1.3.2 curved Two-Dimensional Diffusers 
curved two-dimensional diffusers have not bean 
studied as thoroughly as plane wall two-dimensional 
diffusers but some information is available. 
Two-dimensional curved diffuser geometry is shown in 
Figure 1.3.2-1. The circular arc center line .(constant R) 
curved diffuser is the most studied curved diffuser 
geometry. Only three of the four aforementioned flow 
regimes can be observed in these curved diffusers. The 
jet flow regime obviously can not occur because at large 
area ratios the flow remains attached to the outer wall 
despite separating from the inner wall. For the same 
reason, bistability has no meaning in reference to 
two-dimensional curved diffusers. The wall which the flow 
follows is often called the pressure wall. This term rose 
out of the significantly different pressure distributions 
for inner and outer walls in a curved diffuser. Large 
pressure differences are manifest in the "fully developed 
two-dimensional stall" regime where the flow is separated 
from the inner wall. At the outer wall, there is a great 
deal of momentum transfer and correspondingly high 
pressure. 
Because only three regimes are observed in curved 
two-dimensional diffusers, the flow regime data for curved 
28 
Figure 1.).2-1 Two-Dimensional Curved Diffuser 
Geometry 
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diffusers involve two regime transition lines but the 
lines are found to depend on turning angle. Fox and Kline 
[5] perfomed experimental ·work on flow regimes in curved 
diffusers in 1962. They ran water tests in a curved 
diffuser with flexible lucite walls fastened to adjustable 
templates. The needle trace technique was used for 
visualization of flow regimes and boundary layer 
turbulence. The diffuser centerline lengths tested were 
twenty-four and twelve inches while a range of 
non-dimensional lengths was tested (3 to 24). The turning 
angle was varied over the range zero to ninety in ten 
degree increments. Fox and Kline plotted first stall 
lines and fully-developed stall lines in planes of 
effective divergence angle and non-dimensional length. 
The regime transition lines generally depend heavily upon 
turning angle although for turning angles equal to or less 
than thirty degrees the first stall lines were identical. 
Generally, the greater the turning angle, the lower the 
transition range area ratio. Figure 1.3.2-2 shows regime 
transition limit data from Fox and Kline. Curves marked 
with an "a" indicate the location of transition from the 
"no appreciable stall" regime to the "large transitory 
stall" regime whereas curves marked with a "b" indicate 
transition from "large transitory stall" to the 
30 
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fully-developed two-dimensional stall" regime. Although 
Fox and Kline use a transformation involving effective 
divergence angle, inferences may still be made regarding 
the area ratio (AR= 1 + 2N/W1tan~eff). Because of the 
pressure gradient adjustment caused by early separation 
from the inner wall, the lines of first appreciable stall 
for turning angles greater than thirty degrees have a 
peak. The pressure gradient in the diffusers with turning 
angles less than or equal to thirty degrees are very 
similar to straight-wall aiffuser pressure gradients. 
Sagi and Johnston [6] designed two-dimensional curved 
diffusers according to desired potential flow velocity 
distributions in order to obtain straight-walled diffuser 
pressure distributions. They tested on the same apparatus 
, 
used by Fox and Kline. They provide quantitative data · 
comparing the performance of their designs with straight 
wall diffusers and circular arc designs. Typically, their 
designs performed better than circular arc designs but not 
as well as straight walled models. Their data, as well as 
geometrical sketches are shown in Figure 1.3.2-3. 
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1.3.3 conical Pitfusers 
The conical diffuser is a very common diffuser 
geometry and hence extensive information is available on 
them. All four of the previously discussed flow regimes 
as well as bistability can be observed in conical 
diffusers. Like two-dimensional plane-wall diffusers, 
conical d'.il'ffusers are completely described by an area 
ratio and a non-dimensional length or divergence angle. 
Conical diffuser geometry is shown in Figure 1.3.3-1. 
Flow visualization techniques are difficult to use in 
conical diffusers, so the amount of available quantitative 
data outweighs the amount of qualitative data. In 1963, 
Cockrell and Markland reviewed the state of the art of 
diffuser design with particular attention paid to conical 
diffusers. 
Markland's 
Sovran and Klomp [3] used Cockrell and 
data • in • preparing a pressure recovery 
coefficient chart similar to Reneau, Johnston and Kline's. 
This chart is shown in Figure 1.3.3-2. As in the case of 
the two-dimensional plane wall diffuser, the optimum 
pressure recovery area ratio and non-dimensional length 
lines can be defined. It should·be noted that the optimum 
non-dimensional length line corresponds well with a 
diffuser total included angle of about five degrees. 
Cockrell and Markland did provide data for various inlet 
J4 
, 
Figure 1.3.3-1 Conical Diffuser 3eometry 
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boundary layer thicknesses and, as in the case of Reneau, 
Johnston and Kline's data, the optimum area ratio lines 
f 
for prescribed non-dimensional lengths seem relatively 
independent of inlet blockage for two to eighteen percent 
blockage. 
• 
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1.3.4 straight-walled Annular Diffusers 
Another very common diffuser geometry is the 
straight-walled annular diffuser. This type of diffuser is 
generally found in turbomachine applications in the 
aircraft industry and utility power generation. The 
annular geometry requires four parameters for an adequate 
description. Useful parameters include area ratio, 
non-dimensional length, wall angles, inlet annulus radius 
ratio, inlet radius difference and wall lengths. 
Obviously, the large number of parameters makes it more 
difficult to efficiently chart diffuser performance. 
Generally, the area ratio and the non-dimensional length 
are the most revealing geometric parameters. 
Straight-walled annular diffuser geometry is shown in 
Figure 1.3.4-1. Depending on diffuser geometry, the jet 
flow regime may or may not be observed. As discussed 
earlier, the number of flow • regimes depends on the 
relative magnitudes of the near wall pressure gradients 
within the diffuser. If the inner wall converges toward 
the annulus axis and the outer wall diverges from the 
annulus axis, jet flow is possible. In the case where the 
inner wall diverges from the annulus axis the inner wall 
may be refered to as a pressure wall because of the 
pressure distribution between the inner and outer walls. 
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Figure 1, J.Lt-1 Straie;ht-Walled Annular Diffuse'r Geometry 
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sovran and Klomp (3] tested in air using many different 
wooden annular diffusers geometries which they divided 
into families. The inlet turbulent boundary layer was 
thin. A fixed combination of wall angles and inlet radius 
ratios constituted a family. The non-dimensional wall 
length specified particular members of a family. The data 
for individual families of diffusers was found to fall 
along constant effectiveness lines generally with little 
scatter. Pressure recovery coefficient contours and 
optimum lines for straight walled annular diffusers are 
shown in Figure 1.3.4-2. 
4 
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1.3.s cu~ed Annular Diffusers 
Another diffuser geometry commonly used in 
turbomachines is the curved annular diffuser for which 
geometry is shown in Figure 1.3.5-1. Because it will be 
of use latter, and since it is not as straight-forward as 
other area ratio calculations, the formula for area ratio 
in a curved annular diffuser is given here. 
I • 
(1.11) 
Relatively little research has been done on curved annular 
diffusers compared to the other diffuser geometries 
studied. The work that has been done has concentrated on 
circular arc centerline diffusing passages. For this 
diffuser geometry, only three distinct flow regimes can be 
obseved. Just as in the two-dimensional curved diffuser 
and certain straight walled annular diffusers, jet flow 
and bistability do not occur in the curved annular 
diffuser. As in the curved two-dimensional diffuser and 
certain straight walled diffusers, a pressure wall may be 
referred to in a curved annular diffuser. Takehira, 
Tanaka, Kawashima and Hanabusa [7] have studied the flow 
in circular-arc centerline-curved annular diffusers and 
have determined pressure recovery coefficients and 
.42 
, 
' 
• 
• 
LiR 
I 
I 
RT +--L___jL-,----,----r/ 
' 
' 
' 
' 
~~ ~~---' ~ 
' 
Fiuure 1.3.5-1 Curved Annular Diffuser Geometry 
' 
effectivenesses. They conducted tests in air using steel 
sheet and wooden diffusers both with highly polished 
surfaces. The inlet diameter ratio and the turning ratio 
were held constant throughout the tests, while the radius 
of curvature and area ratio were the adjustable variables. 
The settling section was arranged with screens an 
honeycombs and the inlet section had trip rings to ensure 
a turbulent boundary layer. Static pressure taps were 
located along the inner and outer walls, and the exit 
section was traversed for total pressure. They provide 
qualitative and quantitative data but do not chart their 
data as do Sovran and Klomp. Qualitative flow regime data 
is sumarized in Figure 1.3.5-2. This data clearly shows 
' that increasing the radius of curvature and decreasing the 
area ratio have the effect of improving diffuser 
performance, at least from the qualitative standpoint. The 
area ratio correlation has, of course, been observed 
throughout the review, while the radius of curvature 
correlation is supported by the data on two-dimensional 
curved-diffusers. The pressure recovery data summarized in 
Figure 1.3.5-3 fulfills expectations provided by the 
qualitative data. The authors also provide optimum lines 
as well as a first stall line. 
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1.4 Non-Geometric Considerations 
1.4.1 Boundary Layer control 
Since the regime limits for any diffuser geometry are 
essentially a consequence of the onset of stall, these 
limits would change if the onset of stall could be 
delayed. The region of "no appreciable e:;tall" would be 
enlarged and the maximum pressure recovery coefficient 
would be increased. To verify the fact that the maximum 
pressure recovery coefficient would increase, the 
qualitative and quantitative data of Reneau, Johnston, and 
Kline may be compared. Note that the maximum pressure 
recovery point falls slightly within the regime of 
transitory stall. Hence if the first stall could be 
• 
delayed, the regime limit line would move up on the 
diagram and the maximum pressure coefficient would 
increase. Thus the diffuser designer is encouraged to 
develop boundary layer control techniques in order to 
increase pressure recovery. Schlichting [8] and Lachmann 
(9] discuss several boundary layer control methods. Two 
of these, which are applicable to internal flows, are 
blowing fluid into the boundary layer and applying suction 
to remove the boundary layer (Figure 1.4.1-1). The reason 
for success of these methods is clear in terms of the 
simple physics discussed so far. The low energy boundary 
.. 
. 
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layer is particularly susceptible to stagnation in an 
adverse pressure gradient. By adding energy to the 
boundary layer, the likelihood of separation is reduced 
because the boundary layer becomes less susceptible to 
stagnation. By blowing fluid into the boundary layer, 
energy is supplied directly to the energy defficient 
region and the velocity profile is flattened. 
By removing the boundary layer, the velocity profile 
is allowed to adjust itself by replacing the removed fluid 
with high energy fluid from the free stream. In 1926, 
Ackeret [10] studied the effects of suction on flow in 
curved axisymmetric diffusers. He found that for his 
diffuser, removing up to five percent of the flow volume 
by applying suction at one axial location resulted in 
efficiency increases of up to sixty-two percent. In 1966, 
Furuya, Sato and Kushida [11] experimented with suction in 
conical diffusers. They also found that suction 
dramatically increased pressure recovery effectiveness. 
They showed that, for a system with one axial suction 
location, the effectiveness reached a maximum at a certain 
ratio of volume rate of suction to volume rate of main 
flow. For their data, maximum effectiveness was achieved 
with about three percent volume rate ratio. They tested 
diffusers with total angles ranging from ten to sixty 
49 
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degrees. ~ithout suction, these diffusers performed in 
the range of efficiency betwen forty-five percent and 
ninety-five percent. With suction, all tested diffusers 
were more than ninety percent efficient. Clearly, suction 
provides a greater advantage to larger divergence angle 
diffusers. The optimum volume rate ratio may be explained 
by considering the thickness of the boundary layer at a 
particular location of a fixed angle diffuser. Without 
suction, the boundary layer has a certain thickness. 
Adding suction reduces the thickness of the boundary layer 
until it practically vanishes. After this point, 
additional suction can not further benefit the downstream 
flow. Logically, the larger the divergence angle, the 
thicker the boundary layer, the larger the optimum volume 
rate ratio. Data from this study is shown in Figure 
1.4.1-2. 
Both methods described involve external energy 
expenditure in order to • energize the boundary layer. 
. 
Ideally, the boundary layer could be energized without 
continual external energy expenditure. A few 
• passive 
boundary layer control methods are briefly discussed in 
the following sections. 
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1.4.2 Turbulence 
It is widely known that turbulent boundary layers are 
more resistant to separation than laminar boundary layers; 
that is, in a particular adverse pressure gradient, the 
turbulent separation point occurs downstream of the 
laminar separation point. This is so because, in a 
turbulent boundary layer, energy is supplied to the near 
wall region from the outer boundary layer via turbulent 
mixing. Therefore, tubulent boundary layers have flatter 
velocity profiles than the laminar boundary layers. This 
energy exchange also applies to turbulent boundary layers 
under very turbulent free streams. A turbulent free 
stream supplies energy to the boundary layer resulting in 
a relatively flat velocity profile. Hoffman and Gonzalez 
[12] studied the effects of small-scale, high intensity 
turbulence on flow in a two-dimensional diffuser. With 
various rod configurations (Figure 1.4.2-1), they 
generated turbulence in a near stagnation region and 
demonstrated that the turbulent action signifigantly 
reduced outlet velocity profile distortion. Data for the 
case of a twenty degrees total included angle is shown in 
Figure 1.4.2-2. In this figure, "u" is the longitudinal 
flow speed which is a function of "x" and "Y" and 11 u111 is 
the average inlet velocity. The no turbulence velocity 
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Figure 1,4,2-1 Diffuser TurbulP.nt Test Apparatus 
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profiles are clearly very distort~d and asymmetric while 
the turbulent velocity profiles are very symmetric •. In 
this case, turbulence increased the pressure recovery by 
22 percent. Stevens and Williams [13] also performed test 
of diffuser performance with varying inlet turbulence. 
They paid particular' ·attention to the effect of the 
Reynolds shear stress distribution and found that the 
higher the Reynolds shear stress near the wall, the more 
resistant a boundary layer is to stall. 
• 
Senoo and Nishi [14] studied how various small blade 
vortex generator arrangments improved conical diffuser 
performance. They found that certain vortex generators 
prevented separation in diffusers which otherwise showed 
large scale separation while the performance of normally 
unstalled diffusers does not signifigantly benefit from 
the vortex generators. The effectiveness of the vortex 
generators is, however, limited by the boundary layer 
growth downstream of the vortex generators. If pressure 
recovery· is plotted versus divergence angle for the case 
of vortex generators and the case of no vortex generators, 
• increase is shown to be very the pressure recovery 
dependent on the divergence angle. For certain vortex 
generators tested by Senoo and Nishi, the greatest 
increase in pressure recovery produced by the vortex 
55 
'· 
generators occurs near a sixteen degree divergence angle 
(Figure 1.4.2-3). They tried co-rotation and 
. 
counter-rotation vortex generator types. A co-rotation 
type consists of equally spaced, similarly oriented blades 
like a cascade. A counter-rotation type consists of 
oppositely oriented pairs of blades. Senoo and Nishi 
found that the co-rotaion scheme worked better than the 
counter-rotation schemes parlty because the co-rotation 
scheme also induced a certain swirl velocity which 
provided separation resistance in addition 
provided by the random turbulence. 
I ·~ 
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1.4.J swirl 
Another important non-geometrical factor affecting 
diffuser performance is the swirl. Fox and McDonald [15] 
studied the effects of swirling inlet flow in conical 
diffusers. They found that, for diffusers which were 
largely or moderately separated for axial inlet flow, 
swirling inlet flow significantly increased pressure 
recovery coefficient. They tested with air in 24 
different diffuser geometries ranging in divergence angles 
from 4.0 to 31.2 degrees and with area ratios between 1.30 
and 8.27. The swirl generator used produced essentially 
solid-body swirl. The fact that the perfomance of 
diffusers that remained mostly attached for axial flow was 
not signifigantly affected by swirling inlet flow • 1S 
expected since the effect of swirl is to transfer momentum 
to the momentum-defficient boundary layer on the outer 
wall of the diffuser. In the case of attached flow, the 
momentum transfer is not needed in order for the flow to 
remain attached throughout the diffuser; consequently, the 
swirl does not provide its beneficial effect. Fox and 
McDonald provided pressure recovery contours for the 
various swirling flows they tested. These are shown in 
Figure 1.4.3-1. Again, it should be noted that the swirl 
tends to increase pressure recovery the most for those 
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diffusers which perform the poorest in axial flow. This 
can be verified by studying the location of particular 
contours on the different plots. 
Lohmann, Markowski and Brookman (16] studied the 
effects of swirl on straight walled annular diffusers. In 
this case, the swirl component of the velocity helps to 
transfer momentum to the outer wall and prevent that wall 
from stalling as in the case of conical diffusers. The 
swirl should also tend to promote separation at the inner 
wall. The authors have found that the pressure recovery 
was very dependent on the inner wall cant angle because of 
the tendency of this wall to stall under swirling flows . 
They have found that the swirl in a diffuser with negative 
inner wall cant angle was very harmful to the performance 
while the swirl in a diffuser with a positive inner wall 
cant angle dramatically increases pressure recovery (up to 
fifty percent • increase from the no swirl case to a 48 
degree swirl angle in a 20 degree inner cant angle 
diffuser, Figure 1.4.3-2). 
Elgammal and Elkersh (17] in 1981 reviewed the 
available data on swirling flows in annular diffusers and 
developed a method of predicting diffuser performance 
which agreed well with the data they reviewed. The method 
/ 
was based on the assumption of one-dimensional flow using 
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a frictional coefficient parameter to account for friction 
losses. The friction coefficient was assumed to be a 
constant equal to the mean value. The friction 
coefficient was determined by matching measured and 
calculated values. 
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1.4.4 Blockage 
The turbulence level and swirl angle are two 
important inlet properties affecting diffuser performance. 
Considering the beginnings of stall in the boundary 
layer, one would expect the boundary layer properties to 
also be critical to diffuser flow. Sovran ana Klomp 
considered the influencing factors and concluded that the 
velocity profile distortion is most detrimental to the 
pressure recovery and, in fact, almost completely accounts 
for the reduced effectiveness. This was done by combining 
the earlier developed equation for effectiveness with the 
definition of the stagnation pressure, P0 = aq + P. Where 
P is the static pressure, a is the velocity profile 
kinetic energy flux coefficient and q is the dynamic head. 
Combining this relation at two locations in a flow, P2 -
P1 = (a1q1 - a2q2 ) - (P01 - P02 ), and defining the loss 
coefficient for the whole diffuser as w = (P01 - P02 )/q1 , 
the effectiveness may be expressed as 
(1.12) 
From the last equation the conclusion can be drawn that 
the kinetic energy flux coefficient ratio, a 2/a1 , is an 
important parameter. Since the diffuser essentially 
63 
transforms kinetic energy to pressure, the excess kinetic 
energy (a2 - 1) at the diffuser exit must be considered 
lost pressure recovery availability. Applying this 
equation to the different flow regimes described for 
diffusers, it is clear that the poor pressure recovery in 
the jet flow and fully-deveoped stall regimes is due to 
the large kinetic energy flux coefficients at the exit in 
these • regimes. After further substitution and 
manipulation, the effective area ratio may be used to 
predict diffuser performance. The greater the 
non-unLformity of velocity, the smaller the effective 
area,~. We can write 
~ = (u/U) dA/A (1.13) 
(1.14) 
where wm is the viscous loss coefficient along the 
streamline of maximum velocity, u is the longitudinal 
velocity and U is the average inlet velocity. Generally, 
the term representing the effectiveness loss due to 
velocity profile changes is much larger than the term 
representing the effectiveness loss due to viscous 
effects. Thus the reduction in recovery is attributed to 
64 
insufficient diffusion rather than inefficient diffusion. 
Before the work of Sovran and Klomp, the viscous losses 
were thought to be most critical to diffuser performance. 
Since the work of Sovran and Klomp, the blockage has been 
considered most critical. The blockage, B, is defined as 
the ratio of displacement thickness to one half of the 
channel width for two dimensional flows (B = 25/W). 
Although a large displacement thickness is 
undoubtedly harmful to diffuser performance, a large 
boundary layer thickness is not neccesarily harmful to 
diffuser performance. Stevens and Williams [13] and 
Cockrell and Markland [18] have studied the effects of 
entrance length on diffuser performance. They found that 
the primary effect of small and moderate entrance lengths 
was to increase the inlet boundary layer thickness and 
displacement thickness and consequently decrease pressure 
recovery. In large entrance lengths (approaching pipe 
flow) the increased mixing causes the inlet blockage to 
. 
decrease again. Also, the mixing of the fully-developed 
inlet flow helps to transfer momentum to the diffuser 
surfaces increasing diffuser performance. So, although 
the application of a long straight pipe upstream of a 
diffuser is unlikely, it should be known that the pressure 
recovery decreases at first and then increases as the 
65 
entrance length is increased and that the latter increase 
may be large enough to overcome the initial decrease. 
Senoo and Nishi (18] used published diffuser data to 
correlate the local blockage factor to the local boundary 
layer shape factor. They found that at separation in a 
two-dimensional diffuser, the shape factor H • 1.8 + 
3.75B. This indicates that the boundary layer in a 
diffuser may remain attached beyond the limit of H=l.8 
generally quoted for external flow. Similarly, the local 
blockage tends to stabilize the boundary layer. It should 
be recalled that the blockage, B, is the boundary layer 
displacement thickness non-dimensionalized with one-half 
of the inlet section width for two-dimensional flows. And 
so a third important inlet variable, in addition to the 
turbulence level and the swirl angle, the displacement 
thickness, has been established. 
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1.4.5 Surface Roughness 
Persh and Bailey [19] performed air tests in a single 
23 degree conical diffuser with and without a coating of 
graded cork particles on the diffuser surface in order to 
evaluate the effect of surface roughness on diffuser 
performance. The qualiative results of their study show 
that addition of the roughness causes an otherwise 
unsteady flow to become steady. They tested in a range of 
Reynolds numbers and found that a smooth diffuser perfomed 
in the "large transitory stall" regime with very large 
scale oscillations. Certain roughness arrangements caused 
symmetric flow, "no appreciable stall", while others 
produced steady asymmetric flow, "fully-developed 
two-dimensional stall". As far as quantitative ~esults 
are concerned, the roughness tends to reduce the total 
pressure loss coefficient by eliminating the unsteadiness. 
The pressure recovery coefficient, however, does not 
benefit from the roughness but, in fact, decreases 
slightly with additional roughened surface area. The 
surface roughness therefore may not be very useful for 
modifiying quantitative diffuser performance but may be 
used to adjust diffuser outlet velocity profiles for 
steadiness and symmetry. 
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1.5 Accesory Geometric Considerations 
1.5.1 Splitter Vanes 
Up to this point, overall geometric and non-geometric 
parameters have been discussed. There are however a few 
accesory geometric considerations which must not be 
omitted. The most common of these is the splitter vane. 
In 1950, Reid (l] experimented with two types of splitter 
vanes in two-dimensional plane walled diffusers. He used 
a thin uniform section splitter and a thicker wedge-shaped 
splitter. He found that splitters signifigantly increased 
pressure recovery at large area ratios (Figure 1.5.1-1). 
This is not surprising considering the fact that by 
inserting a splitter, on~ • lS essentially, doubling the 
non-dimensional length. By inspecting any performance 
chart one can easily find instances in which doubling the 
non-dimensional length would be very advantageous. As an 
example, consider the two-dimensional diffuser data of 
Figure 1.3.1-2. If design specifications call for an area 
ratio equal to three and a non-dimensional length equal to 
five, • pressure recovery is near 0.50. 
splitter and doubling the non-dimensional 
' 
Inserting a 
length, the 
, pressure recovery increases by fifty percent to about 
0.75. To be sure that this is a valid conclusion, Reid 
also experimented with asymmetry. He found that for small 
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and moderate area ratios, a symmetric two-dimensional 
diffuser performed as well as an asymmetric 
two-dimensional diffuser. 
70 ·• 
' 
1.s.2 strut configuration 
As 
diffuser 
was mentioned 
application is 
previously, a 
their use in 
very important 
turbomachines. 
Turbomachines, because of their large moments of inertia 
and high angular frequencies, require a great deal of 
structural support. Often, it becomes neccesary for large 
struts to be placed within the flow field inside the 
diffuser. Clearly, from a point of view considering just 
the fluid mechanics, the struts are undesireable because 
they disrupt the flow and promote velocity profile 
distortion which can be amplified by the adverse pressure 
gradient. In certain diffuser geometries, the velocity 
profile may never recover from the distortion caused by 
struts. The struts may lead to separated flow throughout 
the diffuser downstream of the struts. Certainly, it 
behooves the diffuser designer to arrange the struts so as 
to affect the flow as little as possible. It is impossible 
to generally discuss strut arrangement since different 
diffuser designs are so numerous. The shape of the strut, 
however, has been found to'signifigantly affect diffuser 
performance in certain cases. This is the kind of 
consideration which may be discussed here without regard 
to any specific diffuser design, although turbomachines, 
of course in general, require annular diffusers. 
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Concluding from above, a good strut shape would be one 
which affected downstream flow as little as possible. 
Specifically, the wake behind the ideal strut should be 
small enough to not alter the area ratio or velocity 
profile at any downstream section. Senoo, Kawaguchi, 
Kojima and Nishi [20] tested three straight-walled annular 
diffusers with various strut configurations. Tests were 
conducted at various sw~rl angles. Five different strut 
cross sections were tested. A circular cross section and 
an oblong cross section were tested as well as three 
different airfoil cross sections. The tested airfoils 
were designs produced by the Na~ional Advisory Commission 
on Aeronautics. The results showed that the airfoil 
sections signifigantly improved pressure recovery compared 
to the cylindrical struts for swirling and non-swirling 
inlet flows. In fact, for the non-swirl case, the airfoil 
cross section struts only slightly reduced pressure 
recovery below that of the no strut case. The effect of 
stagger angle was also investigated. Stagger angle is the 
f 
angle between the airfoil centerline and the diffuser 
axis. For the swirling inlet flow case, a certain stagger 
angle was found to improve pressure recovery 
signifigantly. After a point, increasing stagger angle 
reduced pressure recovery. The pressure recovery 
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• 
coefficient of non-swirling inlet flows can be improved by 
swirl induced by the struts. Clearly, strut design can 
have a very large beneficial influence on any flow in an 
annular diffuser as long as sufficient information on the 
swirl is available. 
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1.s.3 Hood/Collector Design considerations 
The whole purpose of this review has been primarily 
to gain a better understanding of diffuser flow and 
secondarily to collect specific works concerned with the 
practical design problem to come. The last of these works 
deals with collectors with annular curved diffusers by 
Senoo and Kawaguchi [21]. Although specific quantitative 
data is of little consequence here, inferences regarding 
hood design may certainly be made considering the 
similarity of a collector and the exhaust hood. Senoo and 
Kawaguchi tested curved diffusers with various guide vanes 
and collectors. They found that the diffuser performance 
was reduced by a secondary flow phenomenon they called a 
corkscrew vortex, and used various obstructions in the 
collector to eliminate it. A sketch of the large 
collector design with fences installed to break up the 
corkscrew vortex is shown in Figure 1.5.3-1. The pressure 
recovery data for the diffuser with various collectors is 
plotted versus inlet swirl angle in Figure 1.5.3-2. 
Generally, a diffuser with a small collector did not 
perform as well as a diffuser without a collector but in 
those collectors designed to eliminate the secondary flow 
pressure recovery approached the no collector pressure 
recovery coefficient for certain swirl angles. A large 
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collector with the proper obstructions was found to 
recover pressure rather than cause a pressure drop. For 
this reason, the large collector obstructions are of 
interest to the exhaust hood designer. 
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2 PRACTICAL DESIGN EVALUATION 
2.1 curved Annular Diffuser Evaluation 
From the diffuser review, a basis for design 
evaluation has been completed. The design drawings of the 
• 
exhaust hood are shown in Figure 2.1-1a-g. First, the 
curved annular diffuser will be considered as though the 
hood were absent. 
The geometry of the curved annular diffuser is 
defined by the shapes of the guide vane and bearing cone 
shown in Figure 2.1-le. In order to consider the diffuser, 
it must first be noted that the bearing cone is not 
axisymetric. In the half of the hood above the annulus 
centerline, the hood wall is inclined toward the turbine 
resulting in varying diffuser turning angles depending on 
azimuthal angle. Because of this variable turning angle, 
the distance in the streamwise direction from the last 
blade to the hood wall depends on the azimuthal angle 
-
while the shortest distance is in the vertical section 
(zero degrees down) in the upper half of the hood. This 
is the radial section that will be evaluated here because 
it constitutes the entire axisymmetric portion of the 
diffuser. Downstream of this point, the diffuser geometry 
is not axisymmetric. The vertical section is also the 
section with the sharpest turning and is therefore the 
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moat likely location for stall. The flow pattern in this 
section of the diffuser will certainly influence the flow 
in the upper part of the hood. After the curved annular 
diffuser is evaluated, the rest of the bearing cone will 
be considered along with the hood itself. The critical 
geometric parameters (see Figure 1.3.5-1) for the curved 
annular diffuser are as follows: 
Turning Angle 
Area Ratio 
Centerline Mean Radius/Radius Difference 
Radius Difference/Centerline Arc Length 
AR 
R/~R 
ti R/N 
From this data, the ideal pressure 
45 degrees 
-
-
-
1.25 
1.74 
0.75 
recovery 
coefficient is calculated, using the area ratio and 
Equation (1.6), to be cpi = 0.36. If a similar straight 
walled annular diffuser is considered, a more realistic 
pressure recovery coefficient of approximately 0.30 is 
predicted by the data of sovran and Klomp (3] (see Figure 
1.3.4-2). This estimate however must still be excessive 
because the diffuser curvature must result in some 
velocity profile distortion which has been found to reduce 
pressure recovery effectiveness. For a similar diffuser 
with a right angle circle arc turn, the data of Takehira, 
Tanaka, Kawashima and Hanabusa [7] predicts a pressure 
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recovery coefficient of approximately 0.05 (see Figure 
1.3.5-3). In fact, the turning radius of the diffuser is 
not constant but instead ino·reases with downstream travel. 
This design, as shown by Sagi and Johnston [6], reduces 
velocity profile distortion and improves pressure recovery 
coefficients over those of the circle arc models. As much 
as a twenty percent improvement in pressure recovery is 
possible for forty-five degree turn diffusers. A liberal 
estimate of pressure recovery coefficient may be obtained 
for the forty-five degree turn diffuser by averaging the 
right angle turn (ninety degree) estimate ( Cp = 0.05) and 
the straight walled (zero degree) estimate ( cp = 0.30) 
and then adding ten percent to account for the increasing 
radius centerline. 
The 
cP = 1.1(0.os + o.Jo)/2 = 0.19 
resulting estimate is cp • 0.19. 
(1.15) 
Also, according to 
Takehira, Tanaka, Kawashima and Hanabusa [7], the flow at 
the outlet of the curved annular diffuser will be 
separated from the guide vane if there is no swirl. As 
shown by Lohmann, Markowski and Brookman [15], a moderate 
amount of swirl may result in attached flow throughout the 
diffuser whereas a large swirl will cause separation. from 
the bearing cone. Since no swirl information is 
available, a small swirl is assumed and the final pressure 
• 
recovery coefficient estimate of 0.19 is made for the 
' 
curved annular diffuser considered. 
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2,2 Bearing Cone/Hood Evaluation 
_Although the hood itself may be considered to be 
essentially a diffuser, it cannot be evaluated like the 
curved annular diffuser because the flow in the hood is 
too complicated and unpredictable. Instead, the hood will 
be judged on how well it complements the curved annular 
diffuser. As shown by Senoo and Kawaguchi [21], a large 
collector or hood may enhance or inhibit pressure recovery 
depending on the effectiveness with which the hood 
channels fluid away from the diffuser outlet. Formation 
of the secondary flow phenomenon called the corkscrew 
vortex causes reduced pressure recovery because the vortex 
• 
partially blocks the diffuser outlet. Similar hoods 
designed with fences to eliminate the secondary flow 
enhanced pressure recovery because the diffuser outlet 
remained unblocked and the flow filled the collector. The 
hood being studied is sufficiently more complicated than 
those studied by Senoo and Kawaguchi [21] so that a 
definitive hoo~ ~valuation can not be made from their work 
~ 
alone. Instead, the hood will be evaluated for two points 
largely involved with qualitative study. 
1. An acceptable hood design must not cause any 
appreciable secondary flow patterns outside the diffuser 
which disrupt flow within the diffuser either periodically 
·~ 
. 
\ 
' 
• 
":I~ ~c~=~ ~..--,.,...--~ -- -·=-~-. ~ ----~·- --------- . .___. 
or steadily; that is, flow patterns in the diffuser should 
r 
not depend on the presence of the hood. 
2. An acceptable hood must continuously channel 
fluid away from the diffuser outlet in order for any 
additional pressure recovery to be realized outside the 
diffuser. 
If the hood is considered in a purely qualitative 
sense, several places appear to be likely separation 
locations (Figure 2.2-1). 
location 1. The corner between the bearing cone and 
hood wall. 
location 2. 
shell. 
The corner of the hood~wall at the outer 
location 3. The corner at the outer shell blockage on 
the top of the hood. 
The influences that these sharp corners have on the 
overall hood performance are unclear but some possible 
general flow patterns can be suggested (Figure 2.2-2). 
The streamlines are intended to indicate flow primarily in 
the vertical radial plane while the ending of a streamline 
indicated that flow becomes primarily tangential. 
1. The first possibility is that the flow is able 
, .. to round all the sharp corners and fill the hood as 
' .. 
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Figure 2.2-1 Likely Flow Separation Locations 
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Figure 2.2~2 (continued) 
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designed. This type of hood performance satisfies 
both acceptable performance requirements above and 
must result in increased pressure recovery. Based on 
the data of Senoo and Kawaguchi [21], a ten to 
~wenty percent pressure recovery increase may be 
possible. 
2. Another possibility is that the fluid may turn 
smoothly at the bearing cone and outer shell but 
will fail to fill the entire hood because it rolls 
up into a vortex near the outer shell blockage. In 
this case, acceptable diffuser performance 
requirement one • lS probably satisfied while 
requirement two is not entirely satisfied. This flow 
pattern may result in some additional pressure 
recovery outside the diffuser but certainly less 
than would result from flow pattern one. 
3. Although the hood wall inclination reduces the 
possibility of a tight corkscrew vortex near the 
corner of the hood wall and outer shell, a similar 
type of secondary flow is possible. If the flow 
does roll up in a vortex at this location which is a 
likely result of flow separation from the guide 
~ 
94 
• 
, I 
) 
( 
' 
vane, the flow will be restricted from filling the 
hood as designed and the diffuser outlet will be 
partially blocked. Even if flow ·patterns in the 
diffuser are not influenced by the secondary flow 
outside the diffuser, the diffuser outlet will be 
restricted and pressure recovery will drop. Senoo 
and Kawaguchi found that the strong secondary flow 
outside their diffusers reduced pressure recovery by 
• 
as much as ten percent. 
4. If a standing vortex were to form at the 
diffuser outlet, the chances are realistic that 
separation may occur at the bearing cone because of 
the influence of the vortex blocking the outflow. 
In this case, the flow patterns inside the diffuser 
will be disrupted and the fluid may separate 
entirely from the bearing cone instead of the giude 
vane as expected previously. This flow pattern 
would be expected if the swirl angle were moderate 
but again swirl information is not available. There 
is also the possibility of transient stall on the 
bearing cone. In either case, pressure recovery 
would certainly suffer. 
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It has been determined experimentally (22], that the 
flow in the condenser neck is biased toward the hood wall 
which leads to the expect~tion that the flow pattern in 
the hood does not succesfully fill the hood. Therefore, 
flow pattern one is not expected and flow pattern two 
seems unlikely. It is felt that a transitory flow pattern 
involving a corkscrew vortex type strong secodary flow is 
most likely. A final pressure recovery coefficient for 
the diffuser is estimated at 0.15. 
• 
• 
2,3 Strut and Beam Consideration 
The design drawings clearly show that the hood is 
riddled with large and small struts as well as two beams. 
Based on fluid mechanical considerations, the struts and 
beams would all be eliminated because they can only 
restrict flow and distort velocity profiles. The very 
important concern which requires the struts and beams is, 
of course, the integrity of the structure. Here it can 
only be suggested that the design of the strut and beam 
configuration be re-evaluated so that the fluid flow can 
be improved without compromising safety. One relatively 
simple design modification might involve changing the 
struts from circular cross sections to a cross section 
design that produces smaller wakes than the cylinders. 
As shown by Senoo, Kawaguchi, Kojima and Nishi [20], 
reducing the strut wakes can improve straight walled 
annular diffuser pressure recovery coefficient by up to 
fifteen percent . 
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3 PROPOSED DESIGN MODIFICATIONS 
As discussed in chapter two, the performance of the 
diffuser/hood is expected to suffer from separation within 
the diffuser and strong secondary flows in the hood 
resulting in poor pressure recovery. These flow patterns, 
although discussed separately, are definitely linked. A 
separation from. the guide vane results in diffuser outflow 
which is more biased along the hood wall and produces a 
velocity profile more likely to roll up into a corkscrew 
vortex. Similarly, a~corkscrew vortex partially blocks 
the diffuser outlet affecting the flow pattern within the 
diffuser. Again, the possibility of large scale 
transitory flow patterns ' 1S significant. Because the 
problem of separated diffuser flow and secondary flow in 
the hood are connected, addressing one should help 
alleviate both. If the diffuser flow were forced to be 
more uniform, the strong secondary flows would at least be 
weakened. Splitter vanes in the diffuser are expected to 
be useful for eliminating the velocity profile distortion 
as well as much of the secondary flows. Also, any large 
scale transitory flow phenomena would be eliminated by the 
use of splitter vanes. A three splitter design • 1S 
proposed because of the large area ratio and sharp 
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turning involved. As in the previous chapter, the curved 
annular diffuser will first be evaluated without 
consideration for the hood. 
In order to use three splitters, the guide vane will 
be shortened and straightened slightly (Figure 3-1). This 
will prevent separation upstream of the leading edges of 
the splitter vanes while reducing the blockage in the 
upper hood area. The leading edges of the splitters will 
be placed downstream of the last blade a distance equal to 
eighty percent of the length of the last blade. The 
splitter vanes will turn the fluid to a nearly radial 
direction. The design of the splitters involves a 
compromise because of the various turning angles created 
by the hood wall inclination so the splitters will be 
designed for the section forty degrees down from the top 
of the hood and will be cut back from the trailing edge 
above forty degrees so that a restriction of the flow is 
not created along the hood wall. The location and design 
of the splitters which are symmetric with the annulus 
centerline are shown in Figure 3-2. Now, a new curved 
annular diffuser is defined with critical parameters (at 
forty degrees down) as follows: 
Turning Angle 90 degrees 
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Area Ratio 2.14 
Centerline Mean Radius/Radius Difference 1.23 
Radius Difference/Centerline Arc Length 0.43 
Ideal Pressure Recovery Coefficient 0.78 
All four curved annular diffuser sections created by 
the splitters have larger centerline mean radius to inlet 
radius difference ratios than the overall diffuser, making 
each of the smaller diffusers much less susceptible to 
stall than. the splitterless diffuser. The diffuser's 
outflow velocity profile should therefore be relatively 
distortion free. According to Takehira, Tanaka, 
Kawashima and Hanabusa [7], a diffuser with a similar area 
ratio performing on the verge of separation produces a 
pressure recovery coefficient greater than 0.55 (see 
! 
Figure 1.3.5-3). The sharp turning of the narrower 
passages, however, may cause a separation there which 
would load the turbine discharge to some degree while the 
wakes at the trailing edges of the splitter vanes will 
qualitatively hurt the velocity profile. The outflow will 
nevertheless be much less susceptible to form strong 
secondary flows than that without splitters. To insure 
that the fluid turns and fills the hood completely, 
turning vanes will be added. These will not provide any 
102 
additional pressure recovery but will insure that 
performance of the hood complements that of the diffuser 
and additional pressure recovery is obtained outside the 
diffuser. Also, the chances of developing strong 
. secondary flows are greatly reduced by addition of turning 
vanes. The designs of the turning vanes are shown in 
Figure 3-3a,b,c 
Figures 3-4a-e. 
while their locations are shown in 
.. 
The supports for the splitters and 
turning vanes are to be ribs, located at thirty and 
seventy degrees down from the top, which will prevent the 
fluid from flowing from the upper half of the hood to the 
condenser neck before filling the upper half of the hood 
although the ribs will have holes in them to relieve the 
pressure on the rib created by the swirl velocity. Note 
that turning vanes one and two are not symmetric with the 
annulus centerline because the outer shell is not 
symmetric with the annulus centerline. The last design 
modification has been mentioned previously and involves 
removing of the so called outer shell blockage. The 
modified hood • 1S expected to satisfy the acceptable 
performance requirements outlined in chapter two so that 
additional pressure recovery is achieved outside the 
diffuser. A final pressure recovery coefficient estimate 
for the modified curved annular diffuser is cp = 0.40 with 
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4 MODEL DESCRIPTION. 
In order to test the proposed design modifications 
and compare the modified hood performance to that of the 
unmodified hood, a plexiglass water test model has been 
constructed. The 1:45 scale model has been mounted on a 
vertical square face of a ninety gallon plexiglass test 
tank having dimensions of two by two by three feet. The 
model has been assembled from three main pieces: the 
entrance section, the test section and the exit section. 
A cross-sectional assembly drawing along with all design 
drawings and photographs are shown in Figures 4-la-m. The 
test section requires no-specific explanation because it 
models the geometry already described in the two • previous 
chapters. The entrance section is designed to smoothly 
accelerate the inflow to the model through a nozzle 
leading to a short straight annular section ending in a 
screen at the last blade location. The screen breaks up 
any large scale turbulence entering the curved annular 
diffuser and produces a more circumferentially uniform 
flow in the annulus. The exit section is designed with a 
seven inch straight duct with the dimensions of the 
condenser neck although the condenser is not modeled. The 
straight length is followed by a restriction to a one inch 
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diameter PVC pipe. The length of the PVC pipe was 
adjusted so that the equilibrium level of the test tank 
free surface fell between twelve and sixteen inches above 
the annulus centerline. Adjusting of the pipe length was 
the last pre-test preparation. 
The so-called outer shell blockage in the test 
section part of the model has been designed for removal so 
that the design modifications could be tested. The struts 
and beams are also glued in so that they could be removed 
and replaced easily after the splitters and turning vanes 
are mounted. 
The model is mostly milled out of laminated 
plexiglass sheet although the guide vane is milled out of 
an aluminum block. The struts are made from a semi-rigid 
plastic tubing and the beams are laquered bass wood. The 
splitter vanes are formed with a rubber epoxy and the 
turning vanes are cut from copper tubing. The ribs 
supporting the splitter and turning vanes are made from 
rigid plastic sheet. Photographs of the finished 
assembled model mounted on the test tank are shown in 
Figures 4-2a,b. 
In ' preparing the model for the testing of the 
modified hood design, struts one and eight shown in Figure 
Figure 2.1-lb could not be installed with the splitter 
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vanes were mounted. Although the struts are small in 
diameter, it was desirable to minimize the influence that 
the absence of these struts had on the test results. In 
order to do this, the splitter vane support vanes were 
positioned so that the removed struts, had they been 
installed, would have been in the wakes of the ribs. 
130 
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5 TEST SUPPORT HARDWARE 
The test support hardware is diagramed in Figure 
5-la,b while photographs of the tanks and piping are shown 
in Figures 5-2a,b,c. The ninety gallon test tank is part 
of a system with capacity over one thousand gallons. The 
model supplied from the test tank discharges directly to 
the six hundred gallon sump tank from which the water is 
pumped up ten feet through one and one quarter inch PVC 
pipe to holding tank pne. The discharge into holding tank 
one is from a two inch PVC tee positioned so that the jets 
strike the tank walls instead of the free surface in order 
to reduce turbulence (Figure 5-3). Holding tank one is 
connected to holding tank two through three inch PVC pipe 
with bulkhead fittings located six inches above the 
bottoms of the tanks. The identical holding tanks are 
made of polyethelyne with dimensions 46x23x28 inches and 
have capacities of 130 gallons. Holding tank two supplies 
the test tank with up to sixty-five gallons per minute 
through three inch PVC pipe. It has an adjustable head 
control bypass so that the supply to the test tank can be 
adjusted and held constant. There are also inlet and 
outlet manifolds on holding tank two to reduce 
oscillations in the volumetric flow rate (Figure 5-4). 
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• The sump pump is capable of delivering up to seventy-five 
gallons per minute through the present piping. A venturi 
meter calibrated up to sixty gallons per minute is placed 
in the piping between holding tank two and the test tank 
and is connected to a vertical tube differential 
manometer. Two three inch PVC ball valves are also 
placed in the piping between holding tank two and the test 
tank so that the volumetric flow rate may adjusted 
further. The overflow bypass provides a coarse adjustment 
of the flow rate while the valves provide a mechanism for 
fine adjustment. The discharge into the test tank is onto 
a one eigth inch plexiglass sheet inclined into test tank 
so that surface action in the test tank is reduced. Also, 
five screens are inserted at various locations in the test 
tank to protect the inlet of the model from the strong 
turbulence at the supply to the test tank (Figure 5-5). 
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6 TEST PROCEDURE 
§,1 ouantitative Testing 
The quantitative test theory is based on a report 
from the Energy Research Center at Lehigh University (22] 
which provides estimates of the hood loss in terms of the 
leaving loss for an unmodified hood and a modified hood. 
The leaving loss is defined as the fluid kinetic energy 
per unit mass at the annulus exit. The hood loss in the 
unmodified hood is estimated to be sixty-five percent of 
the leaving loss. In a modified hood, the hood loss is 
predicted to be fifteen percent of the leaving loss. This 
prediction is based on the assumption that the hood 
modifications effectively remove the strong secondary 
flows caused by flow separation from the guide vane and 
large flow distortion. Although various types of 
modifications may result in elimination of secondary flow 
and distortion, the hood loss prediction is made without 
particular consideration for specific geometric 
modifications. At this time, it is appropriate to recall 
that velocity profile distortion is the primary cause of 
poor diffuser performance. 
The qualitative test procedure can be outlined by 
examining Figure 6.1-1 and considering the energy equation 
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between the free surface in the test tank and the exit 
plane of the exit section described earlier. The hood 
model and exit section are mounted on the test tank. The 
test tank is continuouslly filled at such a rate that the 
level of the free surface is constant. Defining the 
potential energy datum at the exit section outlet, the 
steady state energy equation becomes: 
gZfree surface· v2exit/2 + L + HL (6 .1) 
Where "HL" is a variable loss term depending on the hood 
modifications and "L" is a constant loss term independent 
of the hood modifications. L represents the sum of all 
losses not affected by hood geometry i.e. the loss at the 
model inlet and the loss in the exit duct. Writing this 
equation for the unmodified hood (6.2) and an appropriatly 
modified hood (6.3). 
gZfree surface,l 
. 2 
= V exit,l/2 + L + 0.65LL1 
gZfree surface,2 
2 
= V exit, 2/2 + L + 0.15LL2 
Recalling that 
LL2 = LL then 
LL= v2annulusl2, by continuity 
2 2 V exit,l = V exit,2· Subtracting 
.143 
(6.2) 
(6.3) 
-
Equation 
rr 
(6.3) from Equation (6.2) for this special case results 
in: 
g(Zfree surface,l - zfree surface,2> • a.SOLL (6.4) 
gZdelta • O.SOLL (6.5) 
Therefore, the difference in performance between the 
modified hood and the unmodified hood can be shown 
experimentally by testing each hood individually at a 
certain flow rate and measuring the different free surface 
levels. Since the levels are subtracted, the measurements 
can be made from any convienient location. If the 
experimental data does not satisfy Equation (6.4), the 
predicted hood losses may be in error and/or the modified 
hood does not sufficiently adjust the flow to realize the 
potential reduction in hood loss. 
Considering the error associated with measuring the 
level of a free surface, a large difference in the levels 
would be desirable to reduce the percent error. Clearly, 
a large Zdelta can be attained by testing at a large 
volumetric flow rate resulting in a large leaving loss or 
annulus velocity. The maximum available volumetric flow 
rate supplied by the apparatus previously described is 
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about sixty-five gallons per minute. This volumetric flow 
rate corresponds to a annulus velocity of 2.05 feet .. per 
second. The maximum expected level difference can be 
predicted using Equation (6.5). 
Zdelta • (2.05ft/sec) 2/(4x32.2ft/sec2)xl2in/lft•0.39 inch 
The test procedure will involve determining the 
quantity Zdelta for various volumetric flow rates (Q) for 
each individual hood. Normalizing the quantities of 
interest, the admittance (Ad) can be plotted versus the 
Reynolds number based on hydraulic diameter (Re0 ) for each 
hood. The admittance and the Reynolds number are defined 
as: 
Ad = Q/ (Z l/ ) ( 6. 6) 
(6.7) 
The volumetric flow rate, Q, is measured using the venturi 
meter and differential manometer mentioned previously. 
Since the admittance is calculated only as a basis of 
comparison, z in Equation (6.5) is convieniently defined 
as the distance betweeen the free surface and the annulus 
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centerline. z is refered to as the centerline head. Dis 
the hydraulic diame ter of the annulus and vis the 
kinematic viscosity. We can write 
(6.8) 
For the test model, D = 2 inches. 
The reason for plotting admittance versus Reynolds number 
is so that some evaluation of the hood modifications can 
be made at a point dynamically similar to the operating 
point. The Reynolds number at the plant operating point 
' ' tl 5 1s approx1ma y 2.7lxl0. The maximum attainable model 
Reynolds number • 1S about 3.aox104 . Although all of the 
test data will be taken below the operating Reynolds 
number, the data may still be valuable for predicting 
performance at the operating Reynolds number. Because of 
the comparative nature of this study, the ~antitative 
test goal is to evaluate the modified hood performance in 
' ~ 
terms of the estimate from reference 22. 
Summarizing the quantitative test procedure, the 
steps are as follows: 
1) Mount test hood and exit section 
2) Fill test tank at rate controlled by three 
• 
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inch ball valve and measured using venturi mater 
3) Measure test tank level 
Both hoods were tested at several volumetric flow rates in 
the range of fifty to sixty gallons per minute and the 
centerline head was recorded for each flow rate. After 
testing has been completed on the unmodified hood, a 
performance curve for that design could be drawn. Using 
Equation (6.5) a prediction of the modified hood 
performance curve could be made from the unmodified 
performance curve. Sample curves are shown in Figures 
6.l-2a,b. 
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• 6,2 oualitative Testing 
The second phase of hood model testing involves flow 
visualization. As was discussed in chapter two, at 
several locations in the hood flow separation may exist. 
Dye visualization will be performed at several distinctly 
defined locations. These locations are shown 
schematically in Figure 6.2-1. The first flow location 
studied is the flow in the curved annular diffuser. As 
noted, the flow in this region without splitter vanes may 
to be subject to large scale separation. The proposed 
splitter vane design is expected to remove the large scale 
stall and velocity profile distortion. The dye 
visualization technique should bear out the effectiveness 
of the splitter vanes in correcting the flow in this 
region. Although the curved annular diffuser and splitter 
vanes are axis-symmetric, the visualization technique was 
used around the annulus. The dye was applied to the flow 
through a thin tube inserted into the annulus from the 
test tank. While visualizing the flow in the curved 
annular diffuser region, the dye was injected at the 
annular entrance to the diffuser. 
The second region where the flow was visualized is at 
the corner between the outer shell of the hood and the 
generator end of the hood. This is the region where 
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formation of the so called corkscrew vortex is expected. 
The splitter vanes alone are expected to reduce the 
strength of the corkscrew vortex while the combination of 
the splitter and turning vanes described in chapter three 
is expected to remove the corkscrew vortex. 
•, . 
visualization. technique should clearly show 
The 
the 
effectiveness of the design modifications in removing the 
corkscrew vortex. While studying region two, the dye was 
injected through the annulus as in region one testing and 
the injection location was varied until the flow pattern 
in region two became clear. 
The third visualization region is the region near the 
turbine end of the hood between the inner and outer shell. 
Although this is a near stagnation region in th 
unmodified hood, the splitter and turning vanes are 
expected to dramatically improve the flow pattern in this 
region. Visualization of the flow in this region was 
performed throughout the upper half of the hood. Dye was 
injected into the hood using a bent probe inserted through 
the annulus. 
The last visualization region was the condenser neck 
flange. The velocity profile distortion in this region 1 is 
a result of the distortion in the previously discussed 
regions so the effects of the design modifications on the 
152 
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flow in·· this region should also be clarified by dye 
visualization. While studying the flow in this region, 
dye was injected at various locations throughout the 
annular diffuser and hood so that the velocity 
distribution at all condenser neck cross sections could be 
observed. 
In order to use the dye visualization technique, the 
flow throughout the test model must remain laminar. 
Otherwise, the turbulent diffusion of the dye makes 
visualization impossible. The annulus Reynolds number for 
transition of the flow from laminar to turnulent is about 
as 2000. This Reynolds number is far below that of the 
plant operating conditions and the quantitative tests but 
the flow patterns observed by the dye injection should be 
representative enough to be of value in interpretation of 
the flow field. The annulus velocity corresponding to a 
Reynolds number of 2000 is 1.55 inches per second. The 
volumetric flow rate required for this velocity is 3.96 
gallons per minute. The volumetric flow rate was adjusted 
by opening the ball valve until the proper reading on the 
venturi was obtained. The gate valve, shown in Figure 
6.2-2, was then adjusted so that the level in the test 
tank stabilized at or above forteen inches centerline head 
in order to avoid surface effects. The gate valve is 
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mounted onto the exit section through two inch flexible 
pipe. The flow. was then visualized in all of the 
aforementioned regions. 
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7 RESULTS 
7.1 Quantitative Test Results 
As explained earlier, the recorded test data include 
the volumetric flow rate_ through the annulus and the 
centerline head. The annulus velocity is calculated from 
the volumetric flow rate and a hood performance plot of 
the centerline head versus the annulus velocity is made. 
This plot is useful for predicting the modified hood 
performance with Equation (6.5) as in Figure 6.l-2a. A 
dimensionless hood performance plot of the admittance 
coefficient versus the Reynolds number based on hydraulic 
diameter (Figure 6.1-2b) serves as the 
performance evaluation. 
final hood 
The data from the unmodified hood test is presented 
in Table 7.1-1 and plotted along with the modified hood 
performance prediction in Figure It should be 
noted that, during testing, the equilibrium level of the 
test tank free surface was reached between ten and fifteen 
minutes after the volumetric flow rate was adjusted with 
the control valve. The level of the free surface in the 
test 
. ' 
tank ~sually moved monotonically toward the 
equilibrium level although, occasionally the equilibrium 
level was reached through a series of damped oscillations 
156 
Original Hood Test Results 
Van (ft/sec) Z (in) Re0 AJ 
1.815 14.219 28, 121 9,717 
1.821 14.000 28,214 9,902 
1.828 14.500 28,323 9,597 
1.841 14.500 28,524 9,566 
1.847 14.875 28,617 9,453 
1.857 15.000 28,772 9,425 
1. 863 15.231 28,865 9,281 
• 
1.872 15.438 29,005 9,231 
1. 884 15.750 29,190 9,106 
1.889 15.875 29,268 9,059 
1.895 16.063 29,361 8,981 
1.898 16.000 29,407 9,031 
1. 906 16.313 29,531 8,895 
1.909 16.406 29,578 8,858 
1.911 16.438 29,609 8,850 
1.917 16.531 29,702 8,828 
Modified Hood Test Results 
Three Splitter Vanes/Three Turning Vanes 
Van (ft/sec) Z (in) Re0 Ad 
1.815 13.969 28,121 9,891 
1.828 14.125 28,323 9,852 
1.841 14.719 28,524 9,522 
1.847 14.750 28,617 9,533 
1.866 15.125 28,912 9,392 
1.872 15.375 29,005 9,269 
1.884 15.625 29,190 9,179 
1.901 16.063 29,454 9,010 
Two Splitter Vanes/Two Turning Vanes 
Van (ft/sec) Z (in) Re0 Ad 
1.835 14.125 28,431 9,890 
1.854 14.500 28,726 9,734 
1.866 14.813 28,912 9,590 
1.878 15.188 29,097 9,413 
1.895 15.531 29,361 9,289 
1.906 15.719 29,531 9,231 
Table 7.1-1 Diffuser/Hood Test Results 
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A 
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• 
of the level of the free surface. 
The data from the modified hood test is also shown in 
Table 7.l-1 and plotted over the performance prediction 
curve in Figure 7.1-2. Note that the data include two and 
three splitter vane and turning vane points. During 
testing, when it became evident that the original design 
of three splitters and three turning vanes was not 
performing as well as predicted, splitter vane three and 
-turning vane three were removed. It is felt the 
fabrication method for the splitter vanes resulted in a 
third splitter vane which was too thick. Turning vane 
number three may also have been too far from design 
thickness to allow proper testing of the proposed design. 
Because splitter vanes number two and three were larger 
than number three, their thicknesses were more easily 
controlled to design conditions. The increased thickness 
of splitter vane number three was thought to block the 
outer portion of the annulus near the last blade location. 
This suspiction was verified by the performance data of 
the modified design without splitter vane number three and 
turning vane number three. Performance curves of the 
centerline head versus the annulus velocity are shown in 
Figure 7.1-3. Dimensionless performance data are plotted 
in Figure 7.1-4 while dimensionless performance curves are 
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shown in Figure 7.1-5. A plot of the ratio of hood loss 
reduction to leaving loss versus Reynolds number is 
presented in Figure 7.1-6. Although the solid line in the 
plot represents the recorded data, experimental error 
allows the possibility of a relationship curve more like 
the dashed line. The significance of these curves will be 
discussed in the following chapter. 
The level of the free surface of the test tank always 
moved monotonically toward the equilibrium level within 
five minutes of flow rate adjustment during testing of the 
modified hoods. 
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-7,2 Qualitative Test Result (Flow Visualization using Dye) 
As explained earlier, a gate valve was placed at the 
outlet of the model exit section in order to control the 
annulus velocity so that the flow in the hood was laminar I 
and visualization of injected dye was facilitated. During 
the quantitative test phase an effort was made to 
distinguish the flow patterns in the hood by dye 
injection. The high flow rate flow patterns (quantitative 
test phase) and the low flow rate flow patterns 
(qualitative test phase) seemed similar. 
In ,the case of the unmodified hood, the flow always J 
remained attached to the bearing cone while the guide vane 
was intermittently stalled. The flow in the upper half of 
the hood rolled up at the outer shell blockage but also 
had a large tangential velocity component thoughout the 
upper portion of the hood. This flow pattern resembled a 
weak corkscrew vortex with an oblong cross section. The 
flow in the condenser neck was biased along the hood wall. 
For both modified hood designs tested, the flow 
patterns were steady throughout~the hood and exit section. 
The flow remained attached to the bearing cone, guide 
vane and splitter vane~ and filled the hood with much less 
tangential velocity than in the unmodified hood tests. 
The flow in the condenser neck was still biased along the 
166 . 't 
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hood wall but the velocity profile there seemed lass sharp 
than that in the unmodified hood tests. 
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8 CONCLUSIONS 
In conclusion some remarks must be made concerning 
the designs tested, the soundness of the test philosophy 
and the applicability of the model test results and 
modifications to the plant operating conditions. 
The designs tested included the orignal, unmodified 
hood design, the initially proposed three splitter vane 
design and a two splitter vane design. The only 
difference ~etween the two splitter vane design and the 
three splitter vane design was that the third spliter vane 
and turning vane had been removed from the three splitter 
vane design. 
The test results indicate that the two splitter vane 
design was far superior to the three splitter vane design 
in reducing the hood loss. It is felt that the three 
splitter vane design is a sound design which is not fairly 
represented by ·the test data because the third splitter 
vane model was too thick. The fabrication method and 
material used for the splitter vanes were not well suited 
for a splitter as short and thin yet with such a large 
inside diameter as splitter vane number three. Because 
the flow in the two splitter vane design curved annular 
diffuser appeared unstalled, a more suitable fabrication 
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of the third splitter vane would probably not have 
increased the diffuser pressure recovery coefficient 
significantly. The guidance that the third splitter vane 
and turning vane impose on the turning of the fluid in the 
outer hood would, however, probably have reduced the loss 
there. 
The loss reduction test results for the two splitter 
vane design seem realistic and encouraging. The measured 
hood loss reduction surpassed the prediction by more than 
fifty percent. Except for the possible slight change in 
the loss in the exit section outside of the hood caused by 
the improved flow pattern in the hood itself, the results 
should be reliable. 
As far as application of the test results to the 
operating plant is concerned, although the Mach number 
similarity and the complete Reynolds number similarity are 
lacking, still a signifigant loss r~duction by design 
changes should be possible. The proposed design 
modifications should eliminate flow unsteadiness, increase 
pressure recovery coefficient in the curved annular 
.,, - • • """.,. .... • • • a •• - • • • - • • • 
. - . . - -. - . ... . . .. . . . . . . 
diffuser and reduce the loss in the upper hood by smoothly 
turning the flow and filling the hood. The curve in 
Figure 7.1-6 represents only a very small portion of the 
relationship between loss reduction and Reynolds number 
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and the loss reduction at the plant operating Reynolds 
p 
number can not be predicted accurately using this curve. 
It is quite possible that the dashed curve in Figure 7.1-6 
is representative of the measured relationship between 
hood loss reduction and the Reynolds number, meaning that 
the hood loss reduction was approximately constant and 
equal to seventy percent of the leaving loss in the range 
of Reynolds number covered in the tests. The proposed 
design modifications should be very beneficial at the 
plant operating conditions. The calculations in reference 
22 based on the estimated loss reduction resulted in about 
a one percent increase in net unit power output. It is 
felt that an improvement somewhat greater than one percent 
may be realized with the proposed design. 
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Appendix 
Calculation of Plant Operating Reynolds Number 
Plant Conditions at Last Blade: 
Static Pressure= 1.82 in Hg= 0.8936 psi 
Temperature= 36.656 degrees c 
Dynamic Viscosity f. = .000102743 N sec/m2 
Density p = . 04989 Kg/m3 
Kinematic Viscosity V = .0020595 m2/sec 
Hydraulic Diameter 
A - Annulus Area 
D = 4A/P 
P - Wetted Perimeter 
D = 4( (R 2 - R. 2)/2 (R + R,)] = 2(R - R,) 0 1 0 1 0 1 
R = 7.74 ft 
. 0 Ri = 4.00 ft D = 7.48 ft= 2.28 m 
Re0 = Van D/v = 211,126 
' 
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